Expression of myelin basic protein (MBP) in mice is regulated in a cell-and stage-specific manner during brain development. The MBP control region contains multiple cis-acting elements, shown by in vivo and in vitro assays, which are responsible for its unique pattern of transcription. Using synthetic DNA fragments spanning the MBP control region, we have analyzed nuclear proteins obtained from newborn (2-3 d),. young adult (18-30 d), and adult (60 d) animals; these nuclear proteins form DNA-protein complexes with the MBP regulatory region. Brain extracts from young adult and adult mice showed enhanced binding activities with the sequences supporting transcriptional activation in glial cells.
Introduction
The initiation, maintenance, and termination of myelination in the central nervous system (CNS) follows a complex regulatory program which is tightly controlled in a cell type-and developmental stage-specific manner (1) . In the CNS, this process is carried out by oligodendroglial cells which are unique in their ability to form large amounts of myelin around the axons (2). A plateau is reached after sufficient formation of myelin indicating the cessation of active myelin production (3) . The protein composition of myelin is simple compared to other biological membranes, containing relatively few types of proteins. Among these proteins, the myelin basic proteins (MBPs),' hydrophobic proteolipid proteins (PLPs), myelin-associated glycoproteins (MAGs) , and 2',3'-cyclic nucleotide 3'-phosphorylase (CNP) have been identified (3) (4) (5) and their cDNAs isolated (6) (7) (8) (9) . MBPs account for 30-40% of total protein in myelin sheaths and range in size from 14 to 21.5 kD (10, 11) . These forms are produced from a single primary transcript from a single MBP gene through alternative patterns of RNA splicing (6) (7) (8) (9) (12) (13) (14) (15) .
Earlier studies have demonstrated that the level of MBP expression correlates perfectly with the developmental profile of myelination (2, [16] [17] [18] [19] [20] [21] . Furthermore, it appears that each isoform has a unique developmental pattern of expression and accumulation (17) . Northern blot and in situ hybridization techniques have been used to show that MBP mRNA is first detected at about 5 d after birth, peaks at 18 d, and progressively decreases to 20% of the peak level in adult mice (18) . How the MBP gene is transcriptionally regulated during brain development in oligodendrocytes remains to be determined.
Several studies have indicated that at least two classes of regulatory sequences, promoter and enhancer, mediate the cell-and stage-specific activation of eukaryotic promoters (for review, see reference 22) . Activation via promoter and enhancer elements is achieved'by'an interplay between cis-acting DNA sequences and trans-acting proteins which recognize these DNA elements (23) . Thus, the level of transcription in different cell types and stages of development is governed, at least in part, by the relative abundance of an active tissueand/or'stage-specific transcription factor(s). An (27) .
Labeled DNAs were purified on a 9% polyacrylamide gel.
Band-shift assay. Protein-DNA complexes were identified by running the samples on a low ionic strength polyacrylamide gel (28) .
Protein samples (20 gg per reaction) were incubated with 2 X 104 cpm/ng of 32P end-labeled double-stranded DNA in a mixture containing 5 Ag of poly(dl-dC) (Pharmacia, Inc., Piscataway, NJ), 17% glycerol, 12 mM Hepes (pH 7.9), 50 mM NaCl, 5 mM MgCl2, 4 (29) . Briefly, the transferred proteins were denatured in buffer containing 50 mM Tris (pH 8.0), 7 M guanine-HCI, 50 mM DTT, 2 mM EDTA, and 0.25% Blotto (5% nonfat dry milk, 50 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, I mM DTT) for 1 h at room temperature. The denaturing buffer was discarded and proteins were renatured by immersing the nitrocellulose filters in renaturing buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 2 mM DTT, 2 mM EDTA, 0.1% NP40, and 0.25% Blotto) for 24 h at 4°C. Proteins were then incubated for 2 h at room temperature in TNE 50 buffer (20 mM Tris, pH 8.0, 1 mM EDTA, and 100 mM NaCI) before adding 106 cpm/ml of 32P end-labeled double-stranded deoxyoligonucleotides.
After incubating for another hour, filters were washed three times in TNE 50 solution, dried, and exposed overnight at -70°C. B. [24] (Fig. 2 B) . Four major complexes with distinct mobilities, C1-C4, were observed with fragment MB3 (-94 to -130) ( Fig. 2 C, lanes 1-3) . Complex C1 was more prominent in the newborn than in the young adult or adult extracts, whereas complexes C2-C4 were more abundant in the extracts from older mice (Fig. 2 C, cf. lane 1 with 2 and 3). Two closely migrating complexes, D1 and D2, with similar migrating patterns were observed with the MB4 fragment (-131 to -169) in all three extracts (Fig. 2 D, lanes 1-3) . Comparison of band intensity suggested the presence of the relevant protein(s) at higher concentrations in the young adult and the adult brain extracts than in the newborn extract (Fig. 2 D (Fig. 2 E) . Fragment MB6, spanning -210 to -249, produced two major complexes, F2 and F3, with similar mobility patterns in all three extracts. An additional complex (F.), although minor, was detected when the MB6 probe was incubated with the adult brain extract (Fig. 2 F) .
Fragment MB7 (-250 to -288) produced minor (GI) and two major (G2 and G3) complexes with all extracts (Fig. 2 G) . Intensity ofthe G2 and G3 bands was significantly higher in the young adult and adult than the newborn brain extract. The minor GI complex was not reproducibly detected in the subsequent experiments (see below, Fig. 3 C) . To ensure comparable protein concentration of the various extracts, the binding activity of a synthetic oligodeoxynucleotide representing the central region of the JCV enhancer sequence (30) Fig. 4 A. These sequences were synthesized and used as probes in a band-shift assay utilizing extracts prepared from young adult mice. Only MBia, with the deletion at the 5' end, produced a major complex (a) (Fig. 4 B, lane 1) . In addition, faint slower migrating bands (fl) were also detected with all three probes.
The A-complex was consistently more intense with the MB1, probe (Fig. 4 B, lane 3) .
To examine the specificity of the binding, we performed competition experiments using oligo-MB1 as probe and unlabeled oligo-MBIa, oligo-MBxb, and oligo-MBI, as competitors.
The two major complexes shown in Fig. 1 A, lane 2, A1 (top band) and A2 (bottom band), were again detected with the MB1 probe (Fig. 4 C, lane 1) . Addition of a 500-fold excess of unlabeled MBIa fragment in the incubation mixture abolished the formation of both MBI complexes (Fig. 4 C, cf. lane I with 3). Addition of 50-to 500-fold excess of MBIb or MBI, showed a minimum, if any, effect on the intensity of the complexes (Fig. 4 C, lanes 4-7) . These observations indicate that at least two protein components from brain of young adult mice interact with the MBI region: the major a complexes, specifically detected with the MBIa DNA spanning -14 to -37, and the minor a complexes, formed with the sequences present in MBla, MBlb, and MBI. 
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ern blot analysis (29) using MBla, MBIb, and MBI, as probes. Fig. 5 A illustrates the nuclear proteins derived from brain extract of 18/30-d-old mice and resolved by SDS-PAGE. In a parallel experiment, the gel-fractionated proteins were transferred to nitrocellulose paper and probed separately with MBIa, MBlb, or MBI, (Fig. 5 B, lanes 1, 2, and 3, respectively) .
MBia, spanning nucleotides -14 to -37, bound to a major 39-kD and a minor 37-kD protein (a-complex) (Fig. 5 B) . Longer exposure ofthe trans-blot revealed two additional faint bands that migrated along with the marker proteins of size 52 and 46 kD (#-complex) (Fig. 5 C, lane 1) . These two proteins also appeared when the trans-blots were probed with MBlb and MB1, (Fig. 5 C, lanes 2 and 3) . The intensity of the 46-kD species, in particular, was higher in the MB,,-probed blot (Fig.   5 C, lane 3) . The specificity of the ,3-complex remains to be clarified since this complex was detected with all three probes, MBia, MBIb, and MB1C, and comigrated with a region of the gel containing highly abundant proteins. The above results, together with those of the band-shift analysis shown in Fig. 4 B, suggest that the a-complex is formed by association of the 39-and 37-kD proteins with a subregion of MBIa. To investigate the abundance of the 39-and 37-kD proteins in brain nuclear extracts from mice of 2/3-(newborn), 18/30-(young adult), and 60-d-old (adult), Southwestern blot analysis using MBIa as probe was performed. The 39-kD protein was found to be more abundant in the newborn and young adult extracts, whereas the adult brain extract showed a significant increase in the levels of the 37-kD protein ( Together these results obtained from in vivo and in vitro experiments indicate that MBP has a particular combination ofpositive and negative cis-acting elements located within several hundred nucleotides of the RNA initiation site. Although our previous results revealed that each element may function independently, it is likely that combinations of these regulatory elements, which are arranged in particular configurations, play a critical role on the differential activation of the MBP promoter during brain development.
In an effort to identify the trans-acting regulatory factors that developmentally regulate MBP transcription, we examined the binding of nuclear proteins derived from mouse brain at different stages of myelination, i.e., newborn (2/3 d), young adult (18/30 d) and adult (60 d), to the MBP regulatory sequehce. Our results indicate that the MBP 5'-upstream sequence is composed of multiple distinct protein binding regions with differential binding activities to brain nuclear proteins derived from mice at different ages. The three major regulatory elements, regions MB1, MB4, and MB7, revealed higher binding activity with nuclear proteins in the young adult and adult brain extracts than with those present in the extract from newborn brain. Analysis of the MB1 domain using 1 1-nucleotide deletions at the 5', 3', and central regions, identified a sub-region positioned between -14 to -37 that binds to 39-kD and 37-kD protein components in young adult brain cells. The differential distributions of the 39-and 37-kD proteins in brain extracts ofmice at different stages ofduration and MBP synthesis, suggests that these proteins may directly and/or indirectly participate in a developmental pattern of MBP gene expression. Further studies involving purification of proteins to homogeneity and studying their activities in an in vitro transcription system should clarify the role of these proteins in the tissue-specific and stage-specific transcription of the MBP gene. Two minor proteins, 46 and 52 kD in size, bind to the sequences present in all three MB1 derivatives. Whether the pentanucleotide sequence, AGG(A/C)C, which is shared among the DNA fragments with binding activity for the 46-and 52-kD proteins, is the responsive target sequence for the DNA-protein interactions remains to be determined.
More than 20,000 different genes are expressed in the mammalian nervous system, most of which are neural specific. MBP represents one of the most abundant proteins in CNS, in which its expression is differentially regulated at the level of transcription during brain development. However, the mechanisms that govern tissue-specific transcriptions of this gene during myelination remain unknown. The experiments described here have characterized the binding of specific nuclearprotein factors from mouse brain tissue to the MBP regulatory regions. Although the regulatory sequences of MBP are required for its transcription in glial cells, proof that these proteins play a role in the cell/stage-specific activation of MBP promoter awaits more direct functional analyses. The present results should facilitate future efforts to purify these factors and clone their corresponding gene(s) in order to study their differential expression.
